Uranium dioxide fuels irradiated in a commercial BWR during 1 to 4 cycles (burn-up: 6~28GWd/t) have been annealed in an out-of-pile condition and the release rate of 85Kr was measured continuously. The annealing temperature ranged 1,500~1,800dc. The effects of temperature and burn-up have been studied on burst release during temperature ramp and on diffusional release during isothermal annealing.
INTRODUCTION
Fission gas release and swelling caused by intra-and intergranular bubbles must be adequately considered in the thermal and mechanical design of LWR fuel. Fission gases released in the fuel rod plenum and pelletcladding gap pressurize the cladding, reduce the thermal conductivity of the filling gas, and thus increase fuel operating temperature. The precipitations of fission gas bubbles generated in the course of fission gas release not only swell the fuel pellet and cause a severe pellet-cladding mechanical interaction, but also degrade the thermal conductivity of the pellet, which also increases fuel operating temperature. Therefore, more precise knowledge of the above phenomena is required for the fuel design, especially at high burn-ups.
One of the most useful information for elucidation of the mechanism of fission gas release and bubble swelling is precise data on the time dependence of the release rate and fuel microstructural changes in the course of fission gas release. In order to obtain the above data, in-pile measurements of the internal pressure in fuel rods have been recently conducted(1)(2), followed by detailed post-irradiation examinations (PIE) on retained fission gas within a pellet and on fuel microstructural change. In irradiation experiments, however, there are often uncontrollable variables such as irradiation temperature and other irradiation effects which largely influence the data analysis.
Moreover, a relatively long duration is usually required to complete a series of irradiation experiments and subsequent detailed PIEs.
On the other hand, in the post irradiation annealing experiment using irra -* Oarai -machi, Ibaraki-ken 311-13. diated fuels, fission gas release rate can be continuously monitored under controlled and precise temperature.
Extensive out-of-pile annealing experiments have been conducted in the past with irradiated nuclear fuels. Lawrence (3) and Matzke(4) have reviewed the data of fission gas diffusion in UO2 and (U,Pu)O2 and discussed its mechanism. Main factors affecting the diffusion are temperature, fuel density, fuel stoichiometry, fission rate and burn-up. In addition to these factors, the effect of additives in UO2 on the diffusion has been reported by Matzke(5) and Une et al.(6) The range of burn-up in the above out-of-pile experiments is limited to several hundred MWd/t, except for a few of the more recent studies which used UO2 irradiated to burn-ups above several GWd/t. Baker & Killeen(7)(8) have measured the release of 85Kr from UO2 irradiated to 11~38 GWd/t in the AGR and PWR by out-of-pile annealing experiments to examine the effect of temperature, burn-up and annealing atmosphere. They reported that the fractional gas release became higher and the effective diffusion coefficient of 85Kr increased with increasing burn-up. Small(9) has also heated irradiated UO2 (burn-up: 18 and 38GWd/t) at various heating rates to simulate the fission gas release under transient conditions;
he measured a large initial burst release during and shortly after the temperature ramp, followed by a relatively slow release during the isothermal period. He interpreted this burst release as due to the fraction of the gas within the grains which diffuses quickly to the grain boundaries to form instantaneous and complete interlinkage of the grain boundary bubbles. Burbach & Zimmermann(10)(11) have reported a higher fractional release at higher burn-ups, based on annealing experiments of sealed Mo capsules containing UO2 pellets (burn-up: 4~38 GWd/t). In spite of the above elaborate studies, the causes of the initial burst release and the higher fractional release of high burn-up fuels, and the burn-up dependence of effective diffusion coefficient have not yet been satisfactorily elucidated.
In the present study, the effects of tem-perature and burn-up for UO2 irradiated in a commercial BWR during 1 to 4 cycles (burnup: 6~28GWd/t) were systematically examined on burst release during temperature ramp and on diffusional release during isothermal heating, by means of a post irradiation annealing technique. The annealing temperature ranged 1,500~1,800dc. In addition, the microstructural changes of the fuels during the annealing experiments were examined to elucidate the correlation between fission gas release and gas bubble formation.
II. EXPERIMENTAL

Specimen
The specimens used were taken from UO2 fuel pellets irradiated in a commercial BWR during 1 to 4 cycles at maximum linear heat generation rates between 300 and 370 W/cm.
The fractional fission gas releases measured by a pin puncturing test after base irradiation were 0.2, 0.8, 21.0 and 21.0% for each fuel rod. The burn-ups were 6, 16, 23 and 28GWd/t for each fuel cycle. Pieces of a fuel pellet with the rim were mounted in resin and sliced into slabs about 1 mm thick. Then about 1.5mm diameter specimens were ultrasonically punched from these slabs. The location of the specimens was roughly between the fuel rim and middle. Their weights were 30~40mg.
2. Annealing Experiments Figure 1 gives a schematic diagram of the annealing equipment and measuring system of released 85Kr.
A Mo capsule (20mm long, 18 mm I.D., 1mm thick) containing the specimen was heated by a high frequency induction coil. The capsule was supported by a alumina tube, which was set in a water-cooled quartz furnace. Specimen temperature was measured by a two color radiation pyrometer which had been calibrated in advance by measuring the melting points of Ni (1,453dc) and Pt (1,769dc) . The accuracy of the pyrometer was within +-10dc over the above temperature range. The sweep gas used in the present experiments was high purity He/2%H2 mixed gas at a flow rate of 60cm3/min.
Oxygen potential of the sweep gas was monitored by both The volumes of the furnace and ionization chamber shown in Fig. 1 were about 300 and 500cm3, respectively. Therefore, a time lag and a time constant should exist when detecting 85Kr released from the specimen, depending on the flow rate of the sweep gas. In order to obtain the above data, a standard quantity of 85Kr was injected instantaneously into the sweep gas (flow rate: 60cm3/min) from the gas inlet of the furnace.
The obtained time lag and full width at half maximum (FWHM) of the 85Kr peak were about 2 and 14min, respectively.
After about 50min, b-activity of 85Kr dropped to the background level.
Dissolution Experiments
After the annealing experiments, the specimens were dissolved using the equipment shown in Fig. 2 to measure the residual 85Kr in the specimens. The specimen was dissolved in a solution of 5N-HNO3 at about 80dc for 2h.
The dissolution atmosphere was high purity He flowing at the same rate of 60 cm3/min as used in the annealing experiments. After the volatile fission products in the sweep gas were removed by water buffer and alkali (NaOH solution) scrubbers, b-activity of 85 Kr was continuously measured by an ionization chamber, using the same method as in the annealing experiments.
All of the The fractional release of 85Kr was evaluated by the integrated output of the ionization chamber, from which radioactivities of 85Kr released in the annealing and dissolution experiments were calculated by Eq. (1). 4. Microstructure Examination Before and after the annealing experiments, the microstructure of the specimens was examined by an optical microscope and a scanning electron microscope.
Measurements of their grain size and porosity were carried out by an image analysis of micrographs of the specimens' polished surfaces. The morphology of intra-and intergranular bubbles was observed from the fracture surfaces of the specimens.
III . RESULTS
AND DISCUSSION
Burst Release (1)
Effect of Temperature Ramp The release curve of 85Kr from a 4 cycle specimen (burn-up: 28GWd/t), which was heated up to 1,800dc at the rate of 100dc/min and then cooled to room temperature at the same rate, is given in Fig. 3 . After a small burst release around several hundred degrees, a large burst release appears around 1,500dc. In the figure the peak of 85Kr, injected instantaneously from the gas inlet of the furnace, is also shown. Overlapping the two peaks at the point of the abrupt rise, the shape and FWHM of both peaks appear to be almost identical. This indicates that the burst release which occurred during the temperature ramp is of a very short duration within 1 or 2 min, and it suggests that the burst release should be mainly due to the rapid release of fission gas retained at the grain boundaries through the rapid growth and interlinkage of grain boundary bubbles and formation of the grain edge tunnel. The fission gas is mostly trapped in the grain boundaries during base irradiation. This assumption is supported by SEM observations of the specimen fracture surface, which are described in detail in the next section. There are may small bubbles on the grain boundaries for as-irradiated 2~4 cycle specimens (Photo. 3(b)~(d)) except for the 1 cycle specimen (Photo. 3(a)), and extensive interlinkage of bubbles and formation of the grain edge tunnel (Photo. 4(a)) are clearly observed for the above specimen of Fig. 3 just after the burst release.
Zimmermann (11) Figure 4 shows the release curves of 85Kr for the 2 and 4 cycle specimens together with the temperature history, heating to 1,000dc at the rate of 100dc/min and then raising by steps of 100dc at the same rate and holding at each temperature.
In the case of the 2 cycle specimen, after a slight release at each temperature rise to 1,500dc, a large burst release appears from 1,500 to 1,600dc. For the 4 cycle specimen, prior to the large burst releases at the temperatures above 1,500dc a small burst release around 200~300dc appears, which corresponds to the fractional release of about 1.5%.
This low temperature burst release is probably due to the occurrence of intergranular microcracks induced by thermal shock. The critical temperature for the onset of the high temperature burst release is plotted against specimen burn-up in Fig. 5 . It is 1,800dc for the 1 cycle specimen, 1,600dc
for the 2 cycle specimen and 1,500dc for the 3 and 4 cycle specimens. In the same figure, the burst release temperatures of 129I and 137Cs as reported by Peehs et al.(15) are also given. They heated irradiated UO2 in a Knudsen cell in vacuo and analyzed the trapped isotopes radiochemically. The present and their data clearly indicate that the burst release temperature becomes lower with increasing burn-up. Same tendency has been reported by Vitanza et al. (16) , who measured the fuel centerline temperature of instrumented fuel rods in the Halden reactor.
The fractional fission gas release of the rods was above 1%.
This burn-up dependence of burst release temperature is attributable to the increases of fission gas inventory in the grain boundaries and the density of the grain boundary bubbles at higher burn-ups.
Namely, higher internal pressures in the bubbles lead to their faster (2) Fractional Burst Release The effects of ramp temperature and specimen burn-up on the burst release of 85Kr were examined by a series of experimental temperature ramps up to 1,600~1,800dc, followed by isothermal annealing at these temperatures for about 5h. The FWHM of the above 85Kr peaks were about 20min and longer than that (about 14min) obtained in the instantaneous injection test (Fig. 3) . This difference is attributed to a diffusional release during the isothermal annealing at the high temperatures.
Accordingly the contribution of burst release was calculated by subtracting the contribution of diffusional release from the peak. As a first approximation, the contribution of diffusional release was considered to correspond to the interpolated curve from the isothermal release curve.
The integrated values of the burst peaks were finally converted into radioactivities of the burst released 85 Kr by using Eq. (1). Fractional burst release was defined by the ratio of the integrated burst release to the integrated total amount of 85Kr in the specimens. Figure  6 shows the cumulative fractional releases of 85Kr for 1~4 cycle specimens at the ramp and isothermal annealing temperatures of 1,800dc. Shortly after the temperature ramp, the abrupt rises are seen. The cumulative fractional releases up to the heating duration of about 60min correspond to the burst release. About 70~80% of the total cumulative releases after the isothermal annealing of about 5h are contributions of the burst release, except for the value of about 25% for the 1 cycle specimen. The burn-up dependence of cumulative fractional burst release is shown in Fig. 7 . In the figure the data at the ramp temperatures of 1,600 and 1,700dc are also shown. Although there is a relatively large scatter of the data, the release clearly increases with increasing burn-up.
The present fractional burst release is 4.5% for 1 cycle specimen and about 20~30% for 3 and 4 cycle specimens. The latter values are in good agreement with previously reported values(15) of 129I and 137Cs for UO 2 samples with the burnup of 33GWd/t.
Fractional fission gas release of segmented fuel rods obtained in power ramp experiments has been reported to increase with increasing fuel burn-up at a given ramp power (18) .
These data can be reasonably interpreted as the burn-up dependence of the burst release during power transient. Figure 7 indicates that the percentage of the quantities of fission gas trapped in the grain boundaries In fact the fractional fission gas release of these fuel rods measured by pin puncture tests does not exceed 1%. On the other hand, about 10~20 and 30~50% of the produced 85Kr are already released from 3 and 4 cycle specimens during their base irradiations, respectively.
The higher fission gas releases for 4 cycle specimens are consistent with the pin puncture fractional release of 21% for the 4 cycle fuel rod. The burst released 85Kr, which is considered to be trapped in the grain boundaries during base irradiation, appears to increase up to the 3rd cycle irradiation and decrease during 4th cycle irradiation in the same manner as the total retained 85Kr. actual response of Fig. 7 supports our model for the burst release. For 4 cycle specimens (burn-up: 28GWd/t) the fractional burst release seems to be insensitive to ramp temperature, while it seems to depend on the ramp temperature for 2 cycle specimens (burn-up: 16 GWd/t). This behavior would result from the probability of the bubble interlinkage and tunnel formation largely depending on ramp temperature, especially for the specimens of lower burn-ups with less fission gas inventories in the grain boundaries.
As the specimen burn-up is increased, the burst release temperature becomes lower as shown in Fig. 5 , and the probability of the bubble interlinkage and tunnel formation becomes relatively insensitive to ramp temperature.
(3) Grain Boundary Inventory The quantities of total 85Kr retained in the specimens after base irradiation and the burst released 85Kr are plotted against the specimen burn-up in Fig. 8 . The specific activities of 85Kr per unit weight of specimen are corrected to the values at the time of reactor shutdown.
The total retained 85Kr for 1 and 2 cycle specimens is in good agreement with the values calculated by the (2) where p is the gas pressure in the bubble, g the surface energy of UO2 and g the radius of the bubble. The grain boundary inventory of fission gas atoms of Fig. 9 , of course, include a little contribution of the fission gas atoms diffused from the grain interiors during temperature ramp. This diffusional contribution may amount to about 20~30% of the burst released fission gases at the most, based on the fractional burst release (4.5%) for the 
Photo. 2(a)~(c)
Scanning electron micrographs of polished surface of 3 cycle specimens (burn-up: 23GWd/t) Bubble swelling was evaluated by the difference in porosity between before and after annealing.
The burn-up dependence of bubble swelling after the annealing at 1,600 and 1,800dc for about 5h is given in Fig. 10 . The bubble swelling is about 7% for the specimens annealed at 1,600dc for 5h and about 9~10% for the specimens annealed at 1,800dc for 5h, so less dependent on burn-up. On the other hand, fractional fission gas release has a strong burn-up dependence as shown in Fig. 6 . This remarkable difference between fission gas release and bubble swelling indicates that complete grain edge tunnels formed at the swellings of about 7~10% and bubble swellings saturated at these levels. Saturated swelling of about 7~10% from irradiation experiments and theoretical considerations have been reported(21)(22). If a grain boundary bubble size is assigned, the saturated swelling (V/V0)sat at which the grain face bubbles begin to interlink with each other, can be calculated by the equation(23) (3) where W is the volume correction factor of the lenticular bubble depending on the dihedral angle 2t and d the grain size. Using the mean radii of r=0.3mm for 1,600dcx5h annealed specimens and r=0.6mm for 1,800dc x 5h annealed specimens observed in the micrographs (Photo. 2), the grain size of d=9 m m, and the semi-dihedral angle of the lenticular bubble of t=56d(23), saturated swelling of about 5% for the former and about 9% for the latter can be calculated.
These calculated swellings are in good agreement with the presently observed values of 71 0%.
(2) Bubble Morphology Photograph 3(a)~(d) show the factographs of unannealed specimens. There are no fission gas bubbles on the grain boundaries for the 1 cycle specimen.
On the other hand, for 2~4 cycle specimens many small fission gas bubbles can be clearly seen on the grain faces, which grow with the higher irradiation cycles. For 3 and 4 cycle specimens (Photo. 3(c) and (d)) small precipitates of a solid fission product, presumably consisting of Mo-Tc-Ru-Rh-Pd, are observed.
The present observations demonstrate that many small bubbles have already precipitated on the grain boundaries during the base irradiations, supporting the rapid release mechanism of fission gas trapped in the grain boundaries for the burst release during temperature ramp, as discussed before.
The fractograph of the 4 cycle specimen just after the burst release is shown in Photo. 4(a). The specimen was ramped to 1,800dc at the heating rate of 100dc/min and then cooled to room temperature at the same rate, as shown in Fig. 3 . Lenticular grain face bubbles with diameters below 1mm interlink with each other and grain edge tunnels form, distinctly indicating that grain boundary bubbles can interlink during the short time of the above temperature ramp and that the formation of grain edge tunnels form at almost the same time by referring to the instantaneous release shown in Fig. 3 . Photograph 4(b)~(d) show the fractographs of 1~3 cycle specimens after annealing at 1,800dc for about 5h. The fracture is both transgranular and intergranular for 1 and 2 cycle specimens (Photo. 4(b) and (c)), while it is mainly transgranular for 3 cycle specimen (Photo. 4(d)). Even in the 1 cycle specimen, the grain face and edge bubbles are able to interlink.
Based on the image analysis of a few grain faces, the fraction of the grain face area occupied by bubbles ranges 40~50% and is roughly independent of the heating condition and specimen burn-up even for the 4 cycle specimen just after the burst release (Photo. 4(a)). This suggests that the bubble interlinkage occurs at these fractions . The transgranular faces of Photo . 4(a)~(d) show large intragranular bubbles, which are not clearly observed for the unannealed specimens. It is noteworthy that the intragranular bubbles appear even just after the burst release in the temperature ramp of 1,800dc, as seen in Photo. 4(a). The intragranular bubbles for 3 cycle specimen (Photo. 4(d)) become larger in comparison with 1 and 2 cycle specimens (Photo. 4(b) and (c)). Moreover there is obviously a region of larger bubbles near the grain boundaries, as reported by Baker & Killeen(8) and Small(9) . These results suggest that vacancy diffusion from the grain boundaries plays an important role in the growth of the intragranular bubbles near the boundaries.
3. Diffusional Release Fission gas release during the isothermal annealing after the burst release, which is typical shown in Fig. 6 , can be explained as diffusion of gas atoms from the grain interiors to the grain boundaries and it can be reasonably considered as the rate-controlling process, as discussed in the previous sections. In fact the fractograph (Photo. 4(a)) of the specimen just after the burst release shows the extensive interlinkage of the grain face and edge bubbles. The probability of bubble interlinkage at the temperature ramp is liable to be affected by ramp temperature, especially for lower burn-up specimens.
Accordingly for examinations of diffusional release at temperatures below 1,800dc, the temperature histories of specimens, once temperature ramped to 1,800dc and then immediately reduced to the desired temperatures, were adopted. In the post irradiation annealing experiments, the cumulative fractional release F can be related to the effective diffusion coefficient D during isothermal annealing by the following approximation (F<0.7) of Booth's model (24) Baker & Killeen(8) are also shown. Their specimen burn-ups were 11 and 38GWd/t. The present obtained data have a relatively large scatter of about one magnitude, and a systematic burn-up dependence of the diffusion coefficients is not obtained. The scatter may be due to fluctuations in the probability of bubble interlinkage during a given temperature ramp, which is probably dependent on the sampling position in a pellet or the grain boundary inventory of fission gas during base irradiation. The effective diffusion coefficients in the present experiments are expressed by (5) The activation energy of diffusion of 550kJ/ mol obtained are about 150kJ/mol larger than those for the slightly irradiated UO2 (3)(4). This large activation energy may be attributed to a strong trapping effect of gas atom diffusion by intragranular bubbles at lower temperatures. The present diffusion coefficients at higher temperatures seem to coincide with the reevaluated values of Baker's data done by White & Tucker(25) .
Naturally, the present diffusion coefficients are about 3~4 orders of magnitude smaller than the intrinsic diffusion coefficient of rare gas in UO2 reported by Matzke(4) . Compared with the data obtained by Baker & Killen(8) , the present values are about 1~2 orders of magnitude smaller. Moreover, they noticed a clear burn-up dependence of the diffusion coefficient, which is not found for the present study. Although this significant difference between the data is not clear, it may be not only due to the difference in irradiation history of the specimens, but also to the difference in heating conditions of the present and their experiments.
Namely, all the present specimens once experienced the ramp temperature of 1,800dc to condition the interlinkage probability of the grain boundary bubbles, even though the isothermal annealing temperature was below 1,800dc . The effect of this conditioning is confirmed by the one-step heating experiments of the identical ramp and annealing temperatures of 1,600 and 1,700dc. In Fig. 11 (8) . According to Small's data(9) using specimens with the burn-up of 18GWd/t, the fractional burst release depends considerably on the heating rate and becomes lower with slower heating rate, suggesting that the interlinkage probability of the bubbles and occurrence of microcracks become considerably lower with decreasing ramp rate.
IV. CONCLUSIONS
The effects of temperature and burn-up for UO2 irradiated in a commercial BWR during 1 to 4 cycles (burn-up: 6~28GWd/t) were examined on burst release of 85Kr during temperature ramp and on diffusional release during isothermal heating, by means of a post irradiation annealing technique.
The conclusions obtained in the present study were as follows:
(1) The burst release during the temperature ramp was mainly due to the rapid release of fission gas from grain boundaries, which had been accumulated there during base irradiation.
(2) The critical temperature for the onset of the burst release became lower and the fractional burst release increased with increasing burn-up.
A large portion of the cumulative fractional release after the isothermal annealing at 1,600~1,800dc for about 5h resulted from the burst release.
(3) The number of fission gas atoms per unit area of the grain boundary, which was calculated from the quantities of the burst released 85Kr, corresponded to the values of 0.7~1.5x1020n/m2 for 3 and 4 cycle irradiated fuels. These were about 2~4 times larger than saturation values estimated from theoretical considerations based on the assumption of mechanically equilibrated bubbles. (4) Effective diffusion coefficient of 85Kr during isothermal annealing was expressed by D=6.4x10-5exp(-550,000/RT)m2• s-1, which appeared to be independent of burnup within the scatter of data.
(5) Both intra-and intergranular bubbles were coarsened by increasing annealing temperature.
Bubble swelling after annealing at 1,600 and 1,800dc for about 5h was about 7 and 9~10%, and seemed to be saturated.
